ABSTRACT: The long-term changes of tropical intertidal seagrass, mainly Halodule uninervis and Halophila ovalis meadows and their relationship to climate are poorly documented. Developing a greater understanding of the effects of climate on seagrass meadows is critical for estimating the effects of future climate change scenarios. Here we document the temporal dynamics of coastal intertidal seagrass in tropical northeast Australia over 16 yr of detailed monitoring. This study is the first to directly relate such change to long-term climate variability in the Indo-Pacific region and southern hemisphere. Regression modelling was used to relate seagrass biomass and meadow area measurements to climate data. The aboveground biomass and area of the meadow were correlated with the interacting factors of air temperature, precipitation, daytime tidal exposure and freshwater runoff from nearby rivers. Elevated temperature and reduced flow from rivers were significantly correlated (R 2 = 0.6, p < 0.001) with periods of lower seagrass biomass. Results of this study have important implications for the long-term viability of seagrasses with regard to climate change scenarios. Modelling of our findings indicates that future higher temperatures could be detrimental to Indo-Pacific intertidal, coastal and estuarine seagrass meadows.
INTRODUCTION
Global climate is now undergoing a period of sustained warming (Hansen et al. 2006 , IPCC 2007 , Rahmstorf et al. 2007 ) that is predicted to continue at a rapid rate for at least the next 100 yr, resulting in temperature increases between 0.6 and 6.4°C (IPCC 2001 (IPCC , 2007 . Existing 20th century global climate change of 0.6 ± 0.2°C has already resulted in significant ecological changes across an expanse of different ecosystems and ecological hierarchies (McCarty 2001 , Walther et al. 2002 , Ward et al. 2005 , Hoegh-Guldberg et al. 2007 , Prezeslawski et al. 2008 . These responses are expected to accelerate, resulting in habitat degradation, species loss and range changes caused by increases in temperature (McCarty 2001 , Poloczanska et al. 2007 , storm frequency and intensity (Harley et al. 2006 , Crabbe et al. 2008 ) and acidification of aquatic environments (Kleypas et al. 1999 , Orr et al. 2005 .
Almost 10% of all coastal oceans sea beds are covered by seagrass (Hemminga & Duarte 2000) . While these meadows constitute only a small fraction of the global marine primary production (1.13%), they play an important role as a carbon sink (Duarte & Cebrian 1996 , Kennedy & Björk 2009 ). Seagrass meadows also provide important ecosystem services, such as nutrient cycling (Costanza et al. 1997) , providing refuge for highly productive fauna (Unsworth et al. 2008 and supporting subsistence and commercial fisheries (Watson et al. 1993 , Unsworth & Cullen 2010 .
Seagrass meadows are a habitat considered to be at high risk from climate change through increased thermal stress, increased storm incidence and changes in freshwater flows (Short & Neckles 1999 , Waycott et al. 2007 , Micheli et al. 2008 ; in recent times they have been lost at an unprecedented rate from a variety of anthropogenic influences (Waycott et al. 2009 ). Predictions of the influence of climate change scenarios on seagrass (Short & Neckles 1999 , Harley et al. 2006 , Poloczanska et al. 2007 , Waycott et al. 2007 ) are largely based on incidences of seagrass loss associated with extreme weather (Cardoso et al. 2008 , Micheli et al. 2008 as reported in short-term experimental studies (Campbell et al. 2006 ). Long-term studies directly measuring seagrass changes and how they are correlated with climate are rare. Such studies are restricted to the Mediterranean Sea and coastal areas of Florida (Marba & Duarte 1997 , Tomasko et al. 2005 ; no similar studies have been reported for the tropical Indo-Pacific region.
Throughout the Indo-Pacific region, turbid estuarine and coastal environments commonly contain abundant and productive intertidal seagrass meadows dominated by the small colonising floral species of Halodule uninervis (Forssk.) Aschers., 1882 and Halophila ovalis (R.Br.) J. D. Hooker, 1858 , Coles et al. 2003 . Such meadows are often spatially expansive , Coles et al. 2003 and are particularly important food sources for dugong Dugong dugong and green turtles Chelonia mydas (Bjorndal 1985 , Preen & Marsh 1995 . The intertidal and coastal location of these meadows makes them susceptible to large climatic events, such as flooding , Campbell & McKenzie 2004 , drought (Cardoso et al. 2008 ) and elevated temperature (Campbell et al. 2006) . Such meadows can be highly dynamic , McKenzie 1994 , Rasheed 1999 , and changes in assemblage biomass and plant growth can commonly vary by up to a factor of 4 (Brouns 1985 , Erftemeijer & Herman 1994 , Lanyon & Marsh 1995 .
It is not exactly clear how direct changes in air temperature and rainfall predicted by recent climate scenarios, and specifically those changes predicted for northern Australia (CSIRO 2007 , IPCC 2007 , Suppiah et al. 2007 ), will influence seagrass at the plant as well as at the whole meadow level within a natural environment. Air temperature has a large effect upon intertidal seagrass, both when the seagrass is exposed and when very shallow water becomes 'super-heated' because of warm air temperatures (Campbell et al. 2006) . At present the responses of seagrass to variable in situ temperature are virtually unmeasured, especially within tropical environments (Thorhaug 1978 , Agawin et al. 2001 , Waycott et al. 2007 ). This limited knowledge of the interactions between seagrass meadows and local climatic forcing principally stems from the limited availability of long-term seagrass monitoring data linked to environmental characteristics.
The present study uses a 16 yr seagrass monitoring data set from tropical north Queensland, Australia, and analyses it in relation to available local climate data to test the following null hypotheses: (1) local climate does not correlate with seagrass meadow biomass and meadow area, and (2) proposed climate change scenarios will not affect seagrass meadows in tropical northern Australia.
MATERIALS AND METHODS
Study site. Seagrass monitored within this study was located near Karumba, a small coastal community located in the southeastern Gulf of Carpentaria, Queensland, Australia (Fig. 1 ). Surveys were conducted near the Port of Karumba at the mouth of the Norman River between 1994 and 2009. Sampling was conducted every October (dry season).
The coastal plain surrounding the Karumba area is typically flat with low relief rising to ~10 m above sea level. Low-density livestock grazing is the major land use for the Norman River catchment and there are no major secondary industries. Karumba has a tropical monsoon rainfall pattern with a mean annual rainfall of 889.8 mm (range, 508 to 1131 mm), of which the majority falls between December and March. Rainfall in October is rare and the maximum amount recorded between 1994 and 2009 was 5.8 mm in this month. Long-term (since 1908) mean daily minimum and maximum temperatures are 22.6 to 35.9°C in October (BOM 2010) . Tidal conditions in the Gulf of Carpentaria are diurnal (Webb 1981) and their long-term cycles with respect to the hours of the day results in long-term cycles of change in the amount of exposure afforded to the intertidal area during daylight hours.
Seagrass meadow area mapping. Seagrass meadow area and biomass were measured on the shallow water mud and sand banks (known as Alligator Bank) between the Norman and Bynoe rivers covering 1300 ha (see Fig. 1 ). The boundaries of the seagrass meadow were mapped by means of GPS from aerial (helicopter) surveys conducted at low tide when the seagrass meadow was exposed. Data were digitised to a GIS basemap (McKenzie et al. 2001) with ArcGISs (Environmental Systems Research Institute). The GIS basemap was constructed from a 1:25 000 vertical aerial photograph rectified and projected to Geodetic Datum of Australia (GDA 94) coordinates. The precision of determining the seagrass meadow boundary was expressed as an estimate of reliability (R) (McKenzie et al. 2001) . The reliability estimate ranged between ±10 and 15 m for the surveys and was based on the accuracy of obtaining position fixes for boundary mapping sites (McKenzie et al. 2001) .
Seagrass aboveground biomass sampling. Aboveground biomass data for seagrass meadows were col-lected at seagrass habitat characterisation sites scattered randomly within the mapped seagrass meadow. The number of sites placed within the meadow was based on the initial survey conducted in 1994 and a subsequent power analysis (Burdick & Kendrick 2001) . This analysis was done to detect a 30% change in seagrass biomass between years with 90% probability and 90% statistical power according to the method described by (Bros & Cowell 1987) and was revised throughout the 16 yr of monitoring to ensure adequate sampling intensity that allowed continued detection of the desired level of change. Seagrass aboveground biomass, seagrass species composition and GPS fixes were recorded at each sampling site from a helicopter hovering within 1 m above the ground when the meadow was exposed at low tide. Seagrass species were identified according to Kuo & McComb (1989) . A long-handled garden rake was also used to assist with identification of species and the accurate apportionment of species composition (i.e. by physically lifting the upper canopy to allow for the observation of smaller species potentially hidden below).
Aboveground seagrass biomass was determined at each of the sampling sites by means of a technique that visually estimates biomass as described by Mellors (1991) and is commonly used as a nondestructive method for assessing seagrass biomass change (Lee 1997 , Mumby et al. 1997 , Rasheed 1999 , 2004 , Rasheed et al. 2008 , Coles et al. 2009 ). In Karumba, observers ranked seagrass biomass by referring to a series of 12 reference quadrat photographs that represented the range of biomass likely to be encountered (Mellors 1991 , Kutser et al. 2007 ). The photos used were from similar seagrass habitat and assigned a reference rank ranging from 0 (no seagrass) to 5 (maximum biomass expected). This was based on the linear relationship between biomass for the photos that had been previously determined in the laboratory. Field biomass ranks were made by observers assigning a rank value (to 0.1 of a rank) by referring to the reference photos. This method was conducted on 3 random placements of a 0.25 m 2 quadrat at each site within the meadow. The relative proportion of the biomass for each seagrass species within each survey quadrat was also recorded.
At the completion of each annual survey a biomass calibration exercise was conducted. This was performed by each observer assigning a rank to a series of 6 calibration quadrats in the same manner as for the field survey. These calibration quadrats were then harvested, dried and converted into aboveground biomass in g dry weight (DW) m -2 . A linear regression was then calculated between the observed ranks and the measured aboveground biomass for each individual observer. Observer-specific regression equations were then applied to field ranks to convert data to aboveground biomass. The data from each individual observer was only used if the linear regression had an R 2 greater than 0.95, indicating a 95% certainty in the observers estimates, leaving a residual and quantified observer error of < 5%. This technique has been successfully used to determine small changes in biomass within a range of empirical field and experimental studies (Rasheed 1999 , 2004 , Coles et al. 2009 ).
Climate data. Analysis of climate influences on seagrass meadows in Karumba focused upon the effect of 4 factors: temperature, rainfall, river flow and tidal exposure. All climate and tidal data used within this study are publically available from the Australian Bureau of Meteorology (BOM 2010) and the Queensland State Department of Environmental Resource Management (DNRMW 2010) . Climate data were collected from the nearest weather station at Normanton Airport (Stn no. 029063) and the river monitoring station at Glenore Weir (Stn no. 916001B).
For each separate climate variable within each year of the 16 yr period (see Table 1 ), a mean value for the previous month and for 3, 6, 9 and 12 mo before seagrass monitoring was determined. This created 5 sepa- rate variables for each individual climate factor. An index of tidal exposure was also created for the Karumba meadow. This was based on the fact that the seagrass meadow in Karumba was all of a similar depth, and that as a result the majority became exposed at the same point in time during the receding tide. Observations determined that a tidal height of < 0.9 m was sufficient to uncover the entire meadow. The total daylight hours within each separate month throughout the 16 yr period that the tidal height was recorded to be less than a defined tidal height (calculated separately for heights 0.8, 0.9 and 1.0 m) was summed. For each of the 3 separate tidal heights, this was summed for the previous 1, 3, 6, 9 and 12 mo. The original 4 climate and tidal factors then created 30 separate variables for use in regression analysis. Data analysis. Summary statistics were calculated and all mean values are displayed together with their SE values. All observations taken each year were randomly distributed and therefore considered independent observations. Data was not normally distributed and differences in mean biomass between years were therefore analysed using a 1-way Kruskal-Wallis test on ranks with SigmaPlot v. 11. Interannual comparisons were analysed by means of the Dunn's pairwise comparisons method in SigmaPlot v. 11.
To investigate which of the 30 variables correlated most with annual mean seagrass meadow biomass and area, a partial least squares (PLS) regression model was developed in Minitab (v. 15) . PLS regression is an extension of multiple regression analysis in which the effects of linear combinations of several predictors on a response variable (or multiple response variables) are analysed. PLS regression is particularly suited to incidences when the matrix of predictors has more variables than observations, and when there is multicollinearity among variables (Carrascal et al. 2009 ). Our study had 16 observations (years) and 30 variables, and many of the variables were collinear. This technique has commonly been used to analyse a range of ecological data sets (Amand et al. 2004 , Larocque et al. 2006 , Carrascal et al. 2009 ).
All annual mean seagrass biomass data for the whole species assemblage, each annual individual species biomass and the annual total meadow area were analysed against the 30 variables. PLS regression was conducted in a step-wise manner that allowed for the successive removal of variables that did not contribute to the model, thus enabling the strongest possible PLS model to be created.
The PLS regression analysis calculated a predicted residual sum of squares (PRESS) following cross-validation. This allowed for the calculation of a predicted R 2 value in addition to a conventional R 2 , hence, the determination of the predictive power of the observed relationship. A much lower predicted R 2 value than the conventional R 2 indicates the model is dependent upon only a few observations and will probably not provide a good predictive model. The model then separates the individual predictors and provides regression coefficients (analogous to correlation coefficients).
The final PLS regression models determined for the interaction between seagrass and climate (maximum 2 variables) did not contain collinear variables and the number of variables was less than the number of observations. This allowed for the use of conventional multiple linear regression to be used to develop a simple model for the prediction of future climate scenarios. These relationships were then plotted across a range of values indicative of the specific variable, including values applicable to proposed future climate scenarios for northeast Australia (CSIRO 2007 , Suppiah et al. 2007 .
RESULTS
Seagrasses in Karumba were confined to the shallow intertidal banks and no seagrass was found in subtidal regions. Although baseline assessments in 1995 discovered meadows on the Elbow Bank as well as the Alligator Bank (see Fig. 1 ), annual surveys were only conducted on the Alligator Bank. Two species of seagrass were found within the Alligator Bank monitoring meadow, Halodule uninervis (narrow leaf form) (Forsk.) Aschers. in Boissier, and Halophila ovalis (R. Br.) Hook.ƒ. The meadow was dominated by H. uninervis and comprised low levels of H. ovalis (Fig. 2) .
Interannual seagrass variability
The Karumba seagrass meadow had a long-term mean (± SE) biomass of 6.0 ± 0.8 g DW m -2 (1994 to 2009) and was significantly different between years (H 1,15 = 296, p < 0.001). It ranged from 0.87 g DW m -2 in 2002 to 13.6 g DW m -2 in 2006 (Fig. 2a) . The first 8 yr of monitoring were characterised by intermediate biomass of low variability, but in 2002 biomass was reduced for 2 yr (Fig 2a) (Fig. 2a ). H. ovalis had a long-term mean (± SE) biomass of 0.6 ± 0.1 g DW m -2 that ranged from a minimum of 0.1 g DW m -2 in 2002 to a maximum of 1.9 g DW m -2 in 1998 (Fig. 2a) .
Seagrass meadow area averaged (± estimate of reliability) 1266 ± 49 ha. This ranged from 954 ha in 1999 to 1649 ha in 2007 (Fig. 2b) . After commencement of monitoring in 1994 an initial general trend of declining area occurred until 1999, when the seagrass meadow area reached its minimum. Seagrass meadow area since 1999 has been generally increasing with >1400 ha found in 4 of the 5 yr up to 2009 (Fig. 2b) . Seagrass was also monitored in Karumba during the wet season (March) from 1994 to 2000. Data is not presented here in detail as the number of data points were considered insufficient for a correlative analysis. Seagrass biomass was generally higher, but more variable, in March relative to October. Mean (± SE) October biomass (1994 to 2000) was 6.2 ± 0.4 g DW m -2 and mean March biomass was 9.5 ± 0.7 g DW m -2 .
Climate conditions
During this 16 yr period, there was interannual climate variability observed in temperature (mean October temperature, 36.0 ± 0.4°C) and rainfall (mean October rainfall, 11.2 ± 4.1 mm). Mean annual daily maximum temperature was variable throughout the 16 yr of monitoring, ranging from a mean of 32.0 mm in 2003 to a mean of 34.1 mm in 2006. Annual rainfall was also highly varied throughout the 16 yr with a mean (± SE) annual total of 881 ± 81 mm. The periods 1994 to 1996 and 2002 to 2005 were characterised by low rainfall (Fig. 3) . These periods resulted in reduced flow of the Norman River (Fig. 3) . Flow reached a low for the total of the previous 12 mo of 10 gigalitres (Gl) in 2005 and a maximum of 650 Gl in October 1998 (Fig. 3) . The number of daily daylight hours of tidal exposure also varied highly between years as a result of long-term lunar cycles. Mean (± SE) number of annual daylight hours of exposure was 338 ± 30 h, ranging from 132 in 1999 to 567 in 2007. 
Climate and seagrass relationships
Examination of the relationship between climate factors (including averages for each previous month interval (e.g. 1, 3, 6, 9 and 12 mo) with mean seagrass biomass and meadow area values revealed that river flow, rainfall, air temperature and tidal exposure were all correlates of seagrass in Karumba (Table 1) .
The initial PLS regression models containing all the environmental predictor variables demonstrated that many of the variables were not good predictors for the variance of the Karumba meadow (in terms of total seagrass biomass, species biomass and meadow area).
Stepwise removal of successive predictor variables that did not contribute to the models enhanced the ability of the predictors (environmental data) to explain the interannual variability (biomass and area).
The variance of the biomass of the whole seagrass assemblage was significantly correlated to air temperature (previous 3 mo) and river flow (previous 9 mo) (F 2,15 = 10.4, p < 0.001). The whole model explained 61% of the variance of the seagrass biomass (R 2 = 0.61). More than 99% of the explained (i.e. of the 61%) variance in the model was within its first component. Following cross-validation, the model for seagrass assemblage biomass still explained 21% of the variation (predicted R 2 = 0.21). When the model was broken down to regression coefficients, seagrass biomass was negatively correlated with air temperature for the previous 3 mo (coefficient = -0.62) and positively correlated with river flow for the previous 9 mo (coefficient = 0.56) ( Table 1) . The model for Halodule uninervis biomass was very similar to the model for overall assemblage biomass but had an improved predicted R 2 of 0.35.
The model for Halophila ovalis was based upon a significant positive correlation (F 1,15 = 16.7, p < 0.001) with the total previous 12 mo rainfall (Table 1) . The model for H. ovalis biomass explained 56% of the interannual variance (R 2 = 0.56). Following cross-validation, the model for H. ovalis biomass still explained 27% of the variation (predicted R 2 = 0.27). Seagrass meadow area was significantly and positively correlated with tidal exposure (previous 6 mo). The model for seagrass meadow area, although significant (F 1,15 = 5.5, p < 0.05) only explained 28% of the interannual variance (R 2 = 0.28). Following crossvalidation, the model for seagrass meadow area explained 5% of the variation (predicted R 2 = 0.05).
Modelling future climate
A model was created to determine the effect of future climatic predictions proposed for north Queensland (CSIRO 2007 , Suppiah et al. 2007 Table also shows the values computed by the PLS model of the variance explained with the x-axis (x-var.). Individual regression coefficients of the specific biomass predictors (with time series considered in brackets) are also shown. Exp. = exposure, Temp. = air temperature within the final PLS analysis and reanalysed them with multiple regression to determine an equation for extrapolation. Multiple regression was determined to be applicable as final predictor variables were retested for collinearity. River flow over the previous 9 mo and temperature over the previous 3 mo were not collinear and data were therefore used in a multiple regression. The following equation was calculated for seagrass biomass (B), where r = river flow and t = temperature:
The proposed climate predictions were then extrapolated onto these equations to hypothesise what might happen to seagrass biomass based on such scenarios. Based upon a model of the relationship between seagrass biomass, air temperature and river flow (1994 and 2009), we propose that if average maximum daily temperature rises by 0.5°C (the minimum proposed range for 2030) seagrass biomass in Karumba may be reduced by 21%. By 2030, the temperature could potentially rise by 1.4°C; this would potentially result in a complete loss of intertidal seagrass at Karumba. By 2070 we propose this reduction could be between 53 and 100% (Table 2, Fig. 4) . The proposed future rainfall (as river flow) scenarios were modelled and found unlikely to result in large changes in seagrass biomass.
DISCUSSION
This study is the first detailed long-term study of a tropical seagrass meadow in relation to multiple aspects of local climate in the tropical Indo-Pacific region or southern hemisphere. Seagrass biomass and distribution in a turbid intertidal environment was highly variable throughout a 16 yr period (1994 to 2009). This variability was correlated with climate (river flow and temperature) and long-term tidal exposure cycles. Recent evidence has confirmed that seagrass meadows are one of the most productive shallow water ecosystems (Margalef 1986 , Stevenson 1988 , Duarte & Cebrian 1996 , Duarte & Chiscano 1999 , Rasheed et al. 2008 . These findings present concern given the expected future climate scenarios of increased temperatures and more variable rainfall. Seagrass community biomass (and Halodule univervis biomass in particular) was highly correlated with an interaction between air temperatures and river flow. River flow was a positive correlate and air temperature a negative correlate with biomass. The biomass of the small colonising species Halophila ovalis, which was a minor assemblage component, was positively correlated with rainfall; temperature was not a correlate with H. ovalis. Although incidences of high short-term rainfall and flooding have commonly resulted in detrimen- CSIRO 2007 , Suppiah et al. 2007 tal effects on seagrass meadows (Campbell & McKenzie 2004 , Cardoso et al. 2008 , terrestrial water flows are important in supplying nutrients into coastal seagrass meadows (Short 1987 , Udy et al. 1999 . Therefore, these findings are similar to those for temperate seagrasses (Marba & Duarte 1997) and suggest that the periods of drought that were experienced between 2002 and 2006, when the Norman River almost completely stopped flowing, may have been detrimental by not supplying sufficient nutrients to seagrass meadows. Alternative explanations for the positive effect of river flow could also relate to the effect of salinity on the germination of seeds (Orth et al. 2000) . Although we document the major correlates of seagrass in the dry season, seagrass biomass was recorded to be higher in the wet season. Therefore, it is important to recognise that the factors influencing seagrass may alter between these seasons as environmental factors and growth dynamics are different between seasons. Seagrasses are widely known to be sensitive to elevated temperature, with both laboratory and field data indicating that tropical seagrasses undergo thermally induced physiological stress at temperatures > 35°C (Bulthuis 1983 , Ralph 1998 , Campbell et al. 2006 . Specifically Halodule uninervis has reduced photosynthetic efficiency at 35°C (Campbell et al. 2006) . Temperature stress can result not just from seagrass being subjected to elevated seawater temperatures, but additionally, intertidal seagrass can be subjected to desiccation stress during periods of low tide during daylight hours (Dawson & Dennison 1996 , Stapel 1997 , Durako & Kunzelman 2002 . Shallow water temperature can also fluctuate highly depending upon the air temperature. We found that during periods where the average air temperature exceeded 32°C, seagrass biomass was at its lowest. Average maximum daily air temperatures of 32°C are likely to have resulted in absolute in situ monthly maximum temperatures possibly exceeding 35°C (in the sun rather than in the shade, as air temperature is recorded under shade). Such temperatures would result in the 'super-heating' of shallow pooling water at low or reduced tidal height. Temperatures in excess of 40°C have commonly been observed in similar H. uninervis dominated seagrass meadows throughout Queensland due to 'superheating' with resultant 'burning' of seagrass (McKenzie & Unsworth 2009 ).
Total seagrass meadow area was observed to have a weak positive correlation with the number of hours of daylight tidal exposure. This was in contrast to the correlation of biomass to temperature and river flow. It is not unexpected that a range of different factors influence seagrass change. The investment in aboveground biomass is not necessarily directly related to spatial cover, as a large meadow could have a high or low biomass, and the area could have expanded whilst the biomass declined (or vice versa) and reflects how the plant (or plants) has invested its resources. The result of a positive correlation between area and daylight tidal exposure is, however, unexpected given the potential for such periods to result in heat, desiccation and UV stress (Björk et al. 1999 , Campbell et al. 2006 and is in contrast to results of analysis of an Enhalus acoroides meadow, also located in north Queensland (Chartrand & Rasheed 2009 ). In contrast to the largeleaved E. acoroides, Halodule uninervis at Karumba is narrow and small leaved, enabling leaves to potentially lie flat on wet sediment and avoid some of the desiccation risk. The positive correlation to tidal exposure probably relates to the low light environment of this turbid coastal estuarine environment. The expansion of the seagrass meadow area may result from new growth of the rhizomes together with increased reproductive effort and success. Studies on the Caribbean tropical seagrass Thalassia testudinium have found that belowground biomass and growth is correlated with underwater irradiance, daylength and temperature (Kaldy & Dunton 2000) . Light availability is a primary controlling factor of seagrass physiology and resultant productivity . Seagrasses living in low-light turbid conditions, such as found at Karumba, may be at (or near) their photosynthetic compensation point (Falkowski & Raven 1997) . A reduction in the light regime below this point may result in seagrasses showing sublethal effects such as a cessation of processes of growth and cell maintenance. Because seagrass meadows in Karumba are already in a naturally turbid low-light environment (hence their restricted distribution to the intertidal zone) any further reduction in light associated with reduced tidal exposure is likely to result in reduced productivity of Karumba seagrass meadows.
The models created here, although significant, left large levels of unexplained variability (e.g. 39% for the temperature and river flow versus biomass model). These findings indicate that the climatic and environmental factors measured in the present study are not the only important correlates of seagrass change. Although sampling error could be a minor component of this unexplained variability, biological and physical factors, such as herbivory and disturbance, as well as other climatic variables, such as high wind from a specific direction, could also influence seagrass biomass. Throughout the 16 yr of surveys, dugong feeding trails were commonly observed within these seagrass meadows and could be a factor in determining seagrass community dynamics, as has been observed elsewhere on the coast of Australia (Aragones et al. 2006) . Such factors may further explain some of the remaining variability within our data sets.
Future climate scenarios applied to the present models predict that by 2030 seagrass biomass in Karumba could be reduced by a minimum of 21%. If current rates of climate change continue, by 2070 we propose this reduction could be between 53 and 100%. Proposed scenarios of changing rainfall are unlikely to have a large influence on seagrass biomass. This is because such proposed changes (+19 to -14%) are small relative to the high natural interannual variability largely driven by major storm events and cyclones.
It is important to recognise that these predictions are purely based on extrapolation. Predictions beyond observed conditions assume that relationships observed over the 16 yr between temperature, river flow and seagrass biomass will continue to be linear. This relationship could become a logarithmic decline in biomass as conditions reach a critical environmental level, or alternatively, seagrass may reach a low asymptotic level of biomass as conditions allow for short bursts of colonising flora to persist.
In conclusion, we present a novel study relating seagrass biomass to long-term climatic changes and find the high variability of a coastal intertidal seagrass meadow throughout a 16 yr period to be correlated with river flow and air temperature. This study has important implications for the future viability of intertidal seagrass meadows in the tropics, as many studies have inferred that some seagrass species under certain climate change scenarios could benefit from being released from carbon limitation (Palacios & Zimmerman 2007 , Hall-Spencer et al. 2008 . Although this is a highly likely consequence of climate change for many seagrass species and meadows, the findings of our study support those of recent investigations (Campbell & McKenzie 2004 , Campbell et al. 2006 , Waycott et al. 2007 , Cardoso et al. 2008 ) to illustrate that future climate scenarios of higher air temperatures could also be highly detrimental to coastal and estuarine intertidal seagrass meadows. 
